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This ropori; covoro tlio rooulto of an oxporiaGn-iial invest igation of 
t!io effoctc of a velocity cradiont on tho flcsuro-toraion fliittor otxwd 
of a IIA.CA OCX36 airfoil cuopoiided ly neano of eprlnejB. 

Tho proaonco of tiis velocity ci^diont produced no oicnificant 
cliange in tlio epood at ^Aiic^ tho airfoil coemneod norml solf-esrcitod 
oacillationD, Cboillatlons of a torsional nattxro vjoro found to oco’or at 
epoods considorably bolow the nomal fluttca? ooood* Tlie coucoa of tliose 
toroioncl oaciHatioao woro not fully ascartairwd. It ia roaacxiod 
houGvor t!iat tlioy iioro duo to fXov conditions other than tho prosenco of 
the velocity gradient* 
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I, IIJTP.COUCTIOn 



In Roforcncoa 1 and 2 proceduroo gto civen by uccnc of which c. 
critical opood can bo cceij^utod at vSilcli cocrpoixjirtc of an aircraft struo- 
tiiro will becccG unotablo. Tills critical cpood is laicam ao tho flutter 
spood, iliuG wines, ailerons, voriiical and hoi’isontal stabilisers, etc,, 
nay bo dooicnod so tl-at tho flutter opood io well abovo the naxiriun opood 
of tho airci'aft. Anotlior phonor>ona, laicn/n as Uiffotins, is not, Iiowovor, 
so easily prodictablo* Buffoting, a t^'po of forced oscillation of on air- 
craft otructaral ooeponont, is ordinarily oosociatod \ritli tho vorticity 
prosont in tlio wine waba or propollor olipstroan# Dooien nrooodurco cy 
Eioars of irfiich buffoting my bo ollnimtod or roducod in intensity are 
well loioim but thooi’ioQ for predicting ito occtaronco or© inc<Kiploto, 

Lo, in Roforonce 3, notes tliat tho nature of tlio wing walso has not 
been cctiplotoly ootablishod, Abdrasliitov, in Roforenoo 4, apfironlmtoa 
tlio offoct of tlio wing vxiloo on tlio tail by a liar-:icirJ.c disturbance foreo 
bat tliia has not satisfactorily o:!;plainod buffeting pliononona, Lo, loc, 
cit,, appro:dixitoa tli© wing walse by a ourfaco of discontinuity \iiidi loo 
calls an Intorfaoo, Across tliis intorfaco finito velocity and density 
cliangco occur and ho detominoo tlio offocts of tills in' orfaco on an air- 
foil. His asouajitiona are as follows: 

1, Tlie interfaoo lo flat, of soro tliidcioDO, and toiido to infinity ' 
in all directions. 

2. Tho airfoil oarfaoo is of ir-finito asjioct ratio, is of oi:all 
thiclDioso rolativo to tlio chord, and has c rKJon position parallel to tlio 
interface. 
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3. The occillatory notion of the wine is two~dlDonsional, pori- 
odic, r_nd io of snail artjjlitudo rolati^/o to tbo d'-oi’d* 

4* 21io flov/ is incorjp 2 *oaoiblo end non-viocous. 

Ho fiiida that the effect of tliio interface io to reduoo t5io ooa- 
vositional fluttor opood end to cavise a n-oi; flutter piiarionci^a to occur at 
a fproatly roduood Sijood. In a specific ostinnlo, \iith th© interface 
located in tiao piano of tho airfoil, ho finds tl-iat inotabilitics occur 
at speeds of approsinately 9013 and 3^ of tlw convontional fluttor speed. 

An attonpt vias txsxlo in tliis investi{ 3 ation to obtain csporirxsntal 
corroboration of Lo*s results and for tliis purpose a wind tunnol set iqa 
mo dosl(?iGd to provide conditions wlildi oorrespondod as closoly as pos- 
sible to Lo*s assurjptlons. It isis realised tliat an interface such as Lo 
postulated uao unobtaimblo becauoo of tlie viscoias, nature of cases and 
thoreforo tliis invootigatiwi can not bo ro{pu*ded as daaonotratinc tliat 
Lo‘s thoorotioal approccii uao incorrect. It should rathor bo rocardod 
as an atte^ipt to discover if tbo preoonoo of tho velocity in 

tlio nol^Jiborhood of the airfoil uould lower tlio fluttor speed sufficiently 
GO that troffoting should bo rocardod as a flutter plKsnooena. If tlio 
lattor liypothoaic is shown to bo incorrect tlion a nor© plausible approach 
is to consider buffeting as tho rosponso of an olaotio systen to a tur- 
bulent flow ;rf.th statistical rjotliods providing tlio nest suitable natho- 
natical procedures for Iiandllng tli© jiroblon. Tlien tlio shear fla; nature 
of tlio flow field vdll only bo roflocted in tbo calculation of -ttio 
nochanicol cdnittonce. 

Tlio volocity dlacontinuity obtained in tliis invootication t*as of 
tho nature of a boundary layer and consisted of a region across wldch 
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tlie nacnitudo of tho floif velocdty varied froD tliat of froe a-fcrcjcn 
to a cro&tly roduood valuo. Tlio ourfaoo of tbo disoontiimity adjacont 
to tlie airfoil, i.o., the fpoo-stroon od[^ of tl"» oo-callod boicjcfciy 
layer, uaa quite diatinct, however, and wus very noariy porallol to tiio 
plane of tlio airfoil, Wii^dn tiais rogl-on tiie sliaspnoss of tlio velocity 
Cradiont voriod, Ixjccsiadnc loss stoop with down-otrocn dlataj>.oo, Os:i tfio 
avoraco, the flow velocity uic roducod ly 3C^^ at otationa inch froa 
tho eurfaco of tlio dlscontirsuity. It should bo pointed out that tide 
velocity nradlont, while not approadiinc ho‘o Intorfaoo in 3liartux5ss,i,iao 
considerably stooiJer tSion any v^iicii \wuld bo found in tiio waI:o of a \dnc 
or fuselaco* 
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II. DTUCrJITIOJ 0? /JTARATID 

An opon-rotum wind tunnol, ao doacrltod in nororonco 5# Gi:id aliown 
ocbcnc-tioally in Ficure 1, was uaod Tor tlila Invsatication* Powor vsan 
supplied lay a (»nventional automobile ongino with a acudnia output of 
125 b.p, wiiidi drovo an oirht bladed propoller throuf;Ii a transnisoion 
sycten xd.th tliroo coar ratioe* The tlirottlo was actuated ty a rovor>- 
sible d,c, notor which in turn was controlled rcnotoly by a two way 
cwitdi thus pcsrndttlnK tunnel velocity variationa to bo achioved from a 
position adjacent to tlio toot section* 

To inauTO steady n.crj tliroucii tlio tost sootion, a sot of scrooiao 
vjas nountod at tlio entrance to tho contraction section* Two of tho 
ocroena wore node of choose cloth, \iiilo the tiaird was nade of 20 r»ch 
ooinor scrooninc* To prevent oocillations of tiio tjncli^s-psropellor 
section froti boinc tronsnittod to tho tost section a Ij- indi was left 
between tho diffuser section and tho fan section* 

A naacSmvEi oiieod of about 65 foot per aocond cod a ninixm speed of 
about ID foot per second wre obtainable in Iho toot section* 

Tho speed controlHnc nodjonlsa vsao not entirely adequate por*- 
ticularly for tost-coctlon velocities between 0 and 20 and between 45 
and 60 feet per second, tlio speod mneoe v;ithin wliich this Snvestifjatic® 
was larroly conducted, Tho attairrxint of a desired volocl-ty to within 
0*5 foot per soccaid was froqucEitly a tir^o-coriSVEiinc process due to tlio 
tine lag between throttle actuation and response of the engine* Speod 
variation for a givoa tlirottle sotting was also froquontdy encountered* 
The airfoil, nountod vortlcally in tlio test section vaa attadied 
at either end to stool springs by coans of clanps* Tho nounting Si'ston 



is eliovin in Fic^croa 2 and 3, Tlio sprinGS» of 1/2” x 1/16" croco-soction, 
passed tiiroucli slots in tho upper and lower tttnnol ualle, and were 
claepod to hoav7 stool clenp ci^jports. Tho airfoil was tlierehc^ civon 
two do^roos of froodoa. It could novo in a dirootion porpcndicular to 
ito oim piano and ix>tato aboxrb ono axio tlirou£^ tho contorlino of tlio 
sprincs. IIo tondonoy wao ohearved, even w!-;on tho airfoil was agitated 
by hand, for ito x.iotioa to ho otlior tljon t\?o-dlaor43l<»ial* lu ordor to 
naintfiia a oonotant tons ion on t!jo sprincs# tlio lower clciro conoioted of 
a horisontal oprinc flexure wiilch poiTiittcd a conaidorablo variation in 
vertical dinenoiona of tho tost ooctiwi to occur with littlo (daanco in 
oprinc clioractoriotico* 

Tho I™ GA 0006 airfoil was of Icainatod wood construction vith a 
9 indi ciiord and 35 inch span. Tho etxrva of lift coqfficiont versus tlie 
ancle of attaclc is in Flcuro 4* Tho clanps at either ond were 

falrod cnootlsly Into the contour and px-ovidod sufficient clca^lnc action 
to witlistand a vortical ond load of ixore tlian 75 Ihs, The pertinent 
physical constants of tho sprinc-airfoil oyston axxj givon in tho Appendix, 

In ordtar to stop tho violent oscillations of tho airfoil w!)on 
th.oy occurred rostraining bars wore provided wSildx could bo used to 
force tho sprincs acair;st tho tunnol wall slot, thoroby providinc a 
positive roctraint ccainst airfoil notion, 

T\;o cots of strain eocoo \raro attacliod to tlxo u ^por oprinc, ono 
set nountod porallol to th© sprlnc 02 dc and tho other sot nountod at 45 
dotpxjGS to tho axis, Tho jaroUol sot rxoaouarod bendinc sti’aiu primarily 
wiillo the ohowod sot, by :ioano of tlio proper oloctrical connection, 
cjocsured torsional strain. It xxas not poooiblo to ooporato cceaplotcly 
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tlie tvo types of strain, particularly in the £Tai*allol sot, Houevar, 

satisfactory results wero obtained sinco tlio primary piaijoso of t!ie 

strain f?ar«o v^s that of frequent^ dotemlnation. Tijo output of tho 

♦ 

nagos uao fod throu^ an cnplifior to a Holland Typo A400 R-6 rocording 
oscillograph, Tiio oocillationo thus appoarod as cino wavos on a rocoixl- 
Ing tapo on wliich tiding linos epeood ,01 seconds apart also apixjarod. 
Thus tho dotorsdnation of tho frequency of vibration \ki 3 a oinplo natter. 
Sot. lie recordings for several types of oscillation oro shoi.'n In Figure 5, 

Tho foraation of tbo velocity gradient uao acooEiplishod by iiioano 
of tlio installation of a shoot alis^inua ccjvarod siiapo in tho tost- 
soction# Tills sliapo, uiiich \rfll horooftor bo called tho ”barricr", \jas 
dosigned so tliat it could bo oosily miovod fi«« tho tost section, and 
could bo dovod botli foro-and-aft and sidotdno idtliln Idio tost-sootion, 

A plan viou of tlio tost-eootion with barrior and airfoil installed is 
given in Figure 6, 

Tlirou^iout tho investigation tho angle of attack of tho airfoil 
was aaintainod at soro dofjrees with roopoct to tlio tunnel as±o» Tills 
was sot originally by nounting the airfoil in its dciapo ond thon 
sighting along bondi rsir’a! on tho tost-soction floor and coiling, Tlie 
clcnp supports wore adjusted until porfoct aHgruioirt was obtair^od. 
Sidewise and foro-end-oft aligrmont was acconpliohod in tho oano nanner, 
Clacqie wore adjusted so tliat a spring length of 7,5 inches was obtalnod. 
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HI, TnST HIOCIDUHE 

A velocity 3\rr/oy of tho wrldnc section of the tunnol vd.tli tho 
barrier and airfoil rcjmovod is presented in PIguto 7* A volooity survey 
of tlio tunnal with barrior installod la given in Piguros 8 and 9 for two 
test-oGction velocities, Tuft surveys of tho rof^on outsido tho Inrrior 
boundary layer wore also conducted, lie deviation Sresi flow parallel to 
tho airfoil diordlino was dotoctablo in tho liicher speed case, r^aasuro- 
nonto were, howovor, insufficiently precise to detect vairiationo of loos 
t3ian five degrees. For tlis lower siaood tho tuft r^tliod was oocralotely 
inadequate because of the inoufficient velocity of flow. 

With tunnel velocity sore tho natural froquoncioo of oscillation 
of tho flo:amil and torsional rjodos vqto detominod, Tho effect o:i tho 
frequencies of the added tension in tl^o springs \/os detominod by hang- 
ing wolgjits 0 £i tlao lovjor spring, Bocauso of tho dynsnlc coupling botwoon 
tho torsional and flexural nodes of osoillatlon, it was found to bo 
irpossiblo to oiajito ono node xrithout oxoiting tho otiior and honoo to 
obtain direct oscillogranh recordings of tho two freoi^oncios. Figure 
5(d) shows tho offoot of coupling on strain gage rosponaoi. It \iac 
noted that 'Uio node, i,o,, the point about whldi tho airfoil osclllatod 
as if it had only a torsional dogroo of froodon, could bo easily located 
and that the airfoil could be caused to oscillate about t!ie node, Tlio 
node location was fotcid and tho froquency of oscillation recorded on tiio 
oscillograph, mans of a prooodiu^ given In tho Appendix tho 

A 

fundanonteil froqmncioo wero doduood fron those data, Tho results oro 
plotted in Figures 10, 11, and 12, 



The flutter cpood vdtii and without the barrier ijist£j.lod \jas 



dotoralnod uoirc Qinilar prooediu^c, Tvo definitions of flutter speed 
wore used. Tlio first was tJio lowst tumol cpood at which tlie airfoil 
bi'olaD into sudi violent OGcillations tliat tho sprincs struck the a idea 
of the clots tlarouch whidi they passed. The second definition o^vo tho 
flutter spood ao tho lowect epoed at i^'iich tho airfoil ocaaoncod snail 
reipilar oscillations. As would be orpoctod tlic two criteria oavo sa.w- 
wliat difforont results and ore dlsCl^socd in tho following section. 

Flutter opooda vovo dotoiained for tlio aoro tonsion oozidition 
with tho barrier in oovcrcl different fore-and-aft positions. A control 
flutter speed \soB ootablishad prior to tho installation of tlie barrier 
and chocted when tho berrior was rcEovod. Results of a nunbor of runs 
are plotted in Figure 13. During two runs of this typo tho fluttcxr 
fpequoncy was dotoi^ainod. Results aro also plotted in Figure 13* 

It was oarly soon that tho athwartships location of tho airfoil 
and barrior ao shown in Figure 6 wr-o tho optinxEi ono in-oo-far as tliis 
positioai plaooo tho airfoil ao close to tho velocH^r gradlont as is 
practical ;/i.t!ioub unduo intcrforonce frea tlio boundary layer. Toots 
also olicwod tliat aoving tlie barrior Inboard Iiad no noticoablo olYoct on 
flutter speed, 

Pluttei' Bixieds wore also dotorrdnod with woi{^to hung on tlio lower 
spring. For two sots of runs the barrier was roaovod and for anotlior set 
tho barrior ves located ono-4ialf chord Icngtli alioad of tlio airfoil load- 
ing odgo, Rooulto aro plotted in Piguro 14. 
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IV. Disc;]S3iar o? pjsuirs 



Flcuroo 3 end 9 ohov/ tha volocity profilos v&ich occurrod at 
oovoral stations i/"ithln tlio tost ooction and also tho boundaries of tli* 
volocity discontinuity uiiicsh arc doscritxDd by linos of coretmit volocity. 

Inspection of ti^OGo fiGuros rovoals that tho atterqyfc to croato a 
sioarp volocity discontinuity in th® airflow was fairly oucooooful, 
particularly at tho hif^r tunnol cpood, Ficure 3 shoiw that within a 
rai^co of ij- inch tlis volocity dioacod 30fj or aoro, A (xcvjaricon of 
Figuro 3 iriLth Picuro 9 diowo tlio doorooeo In shorpnooc of tlio volocity 
Crediont wlilch acccoponied tho docroaso in tunnel sjtKsed, Altliouch tlio 
proper oqulprjent for studying tho ds[p: 0 o of turbulonc® within tiae roL'ion 
of tlio airfoil woo umvallable, tests witii tlio typo of hotuiro being 
used by I^oCroady end Hadden of GAIflT in tlieir study of ateiosphoric 
turbalonco failed to choi/ cmy turbulonco ojtoept in tlio \iakoo of tlio air- 
foil and Ixirrior and in the noigJibcxriiood of tho airfoil wlion tho airfoil 
wes oscillatinc violontly. TI» apfmmtus liad a tir,© constant of 0.01 
aoconds, howovor, and thtis would only iixUoato turbulonce of rolntivoly 
largo seal©. Tho proviously r©ntiaiod tuft curvoys showed that tho air- 
flow past the airfoil was fairly strai{^t altliou^ it la poosiblo tliat 
tl© airfoil woo at seno olicht angle of attack uhon 'Uae barrier \S 2 S in 
placo, 

Tl© ourvos of Figure 12 dffiionstrfito tlio clcoo agroorient botwou 
tlieorotical and o:g©riaiental froqtwccy dotor.iination eopoclally \5ion the 
springs woro under aero tonsion^ and also tho nannor in vA^ich tl© 
froqxioncieo diangod under tension. It should bo noted tliat tl© torsional 
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firoquoacy \ns oonatont under uJio load while the ricccuraJ. froquoncy 
increaaod. The offcct of tiio rosulting laeroceo of the ratio of tho two 
froquoncleo on flutter opood trjy bo scon in Ficuro 14. This f icuro 
shows tliat the flutter opood roacliod a ninlnun whoa tlio frequoncy ratio 
vjas apprccdLnatoly oao« Tho t!isorotical ourvos of Fxcuro 12 wore oofcalasd 
froE equations as derived la tho Appendix, Tho dlacrcpancy wiiida exists ■ 
botwoon t!io eaqxsrL'jontol and thoorotioal curves under load Coi^ditiono 
can bo cs5>lainod I^r d’ancps in tl:iO rolativo dot'-roo of clonping. As was 
stated previously, it was found to bo InpossibGLo to dotomlno tlio tor- 
sional end flexurtii frequencios by direct jnoacuronont duo to tho dyncnic 
ooi?3llnc: botwocn tlio two docroos of froodoci. Instead tl» location of tlxs 
node point and tho froqixjncy of vibration about the node was recorded, 
Thoso data arc plotted in Picuro K>, TIio froqi:»a<^ curve (solid) in 
Ficuro 10 as plottod can bo roGcrded as tho noan Isotwoon tvfo curves 
(dotted), Tho data shoiild havo fallen on a oaooth carvo sinco ttio 
acc*-ira<y of froqvK)n(^ dotcansiination vkls of a order, TIio fact that 
alnost all tho exixjriaontal points lie witSiln a definite area and fora a 
irnttom within tho area socno to indioato t!xit tlio dogreo of elaaping 
was not flmd bait vaidod betijoon two Units, The man f^quoncy curve 
lias used to calculate tho two natural froquenoioo, (See Appondis:,) Tho 
clsEptoG problca was oarly rocognisod as being of groat inporbanoo and 
sevoral ccthods wore usod in ettoa^ito to gain creator uniformity in 
danping action. Toward tlic end of tho eaporlmntal work tlio clcnps 
woro oven rodGolfciod as slioim in Piguro 3, but difficultios porsisted and 
no satisfactory solution was found. 

Platter spood la dofinod as tlie lowost speed at whidi on airfoil 
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V7ith a cpocifiod ntcabor of c3o£TQ 03 of froedoa uill Ixjco:^ unstable. In 
t!iio invootioation, a uido ranco of opoods ucro fotnid, on t!xj 

order of 10 foot por second uitiiin \Jhich oscillations would start of 
thonsolvGC, build vqj to a stable cnplltude, and die out upon reduction 
of speed , Tho naarlnua flosxiral cnplltudo liaitod ts^r tho viidth of 
tho slots In tloo tunnol xjalls and vflion this aEq^lltudo \7as roadiod a 
difforont, noro violent typo of oscdllaticra i*as found to occur \iiidi was 
characterizod by larco torsional cn 5 >littjd©s and by tbo oprlncs atrlldnc 
tloo tunnol \jc.llo xdtii conaidoi’ablo foroo. This typo of oscillation^ 
unlilaD tiio lioro Jiornal typo, would not die out of itself ixntil tlm tunnol 
speed vjas roduood to -a value ID foot per second loos tiujn tho nininEci 
speed at -diich oven tho olijiitost oscillations wore notieoablo. 

An ozjjlaiuition of tliis phonoaonon is sucGOS'tod by Cljuan in 
Hoforonoe 6, *his author points out tliat \hon an airfoil, initially at 
low onploo of attack, is staHod and unstallod txjriodically, tlio sivedding 
of vortices nust bo poriodlc and l>avo tlio seno period os tho oscillations, 
and tlat tliio t^pe of oooillatlon, once otartod, is no loncor controHod 
by tho stationary ancle of attad: and flow velocity but ly tho ohoddinc 
fronUoncy, Tills would seen to apply to tlie caso undor diccusoioa since 
tlio torsional enplitudo was cai tiio order of 15-20 docrooe, well abovo 
tho stolllnG anclo of atteok of tlio IIACA 0006 section. It also ojroloina 
wiiy tho oscillations <K>ntiuuod oven idien the tunnel speod was roduood to 
a point a below wiiidi solf-orccltod oscillatlono would bocin# 

At first tho lowoot opood at %^iidi tiieso violent oocillatlarai 
took plao3 was used as tho criterion for flutter beoatKie It was relatively 
definite and because tho otrikinc of tlio tunnol walls by tho sprinc oould 
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b© both soon and hoazxl, Hcrjevcr, tlie cxparinKsntal dotornisiation of t!io 
naturr.1 frcauancies poralttod an accurato theoretical calculation of the 
flutter apood to bo mdfi, (coo kppaadix) and it vas found t!iat tlio epood 
of violont ooc Illations vias 15-20 foot por sooond hif^r tiian tl^o pr®~ 
dieted value, Alao, dve to tiio iilrfi cuicIgs of attadc, a portion of tho 
airfoil oxa:*face penetrated into the rogict^ of 3rax>idly diaacine velocity 
during part of oadi circle. It wc.c tlioroforo decided *bo use as tlio fluttor 
epood tlie louoct opoed at wlii(5i tlio saallsst, rocular oooillations uouM 
OCCU 2 ’, This «aa also a deal hi(^or tlian tho prcdictod value, ao 
con bo coon in Finuro 13, but approachod it noro clooely and iiad tho 
advanta^'G tljat it corrospaided bettor with tho usual dofinition of 
fluttor epood, 

Tho rsain disadvontac® to thia criterion lay in itc indefinitonosa. 
It ;jas froquontly difficult to detomino \£iothor or not the amll 
laotionc of tho airfoil woro roculcr or u;>othcr thoy wore inton:d.ttant 
and caujcod ty turbulonco in tho airflow, Thic \nx3 iiartlcularly truo u!xm 
tlao barrior \kis in plaoo, Althouch it was not felt that tlio turbulence 
was onooscive tlic offoct of auall flow v>crturbation3 at epoeds ciooo to 
tho flutter speed was cvifficicnt to send the airfoil into oscillations 
wliidi diod out rolativoljr slowly. An attonpt xias riado to cnalyao oicnals 
froa the ctsTain gages in an oscilloscopo but it was found tliat tho oig- 
ncls v&ich coiTooponded to srnll oscillations of the syntea roquirod 
enplifloation in order to bocosse of eimy voluo, Equi*->nDnt wliidi twuld do 
this and vfaich would also filter out cretranoous sigiYilo froni such 
Boxarces as tlxe engine lgniti<xi cystaa was unavailablo. 

In tlio light of the foregoing argu'jonts it is believod tliat tlie 
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rati:or iri.de r£in:;e of cpoods at ulrildi flutter v/oxild occur is o^laincd. 

In spite of c cood clod of coro it isic not poooiblo to fix tlio decroo of 
elenpinf; or to clotors'diio tlie CT>eod at whldi saall oscilLatio:r3 occiirrcd 
xri.tli QTSj docreo of procioion* Toe effoct of those variables is evident 
in Picuro 13, Tlio lureo nurrixjr of points wMdi vero plotted are the 
Insult of soveral runs during all of vdiich the configuration of tlao 
systoa was Isspt constmt* This indcterriinacy uis unfortunato sinesa Lo*a 
results indicatod ifnat if the velocity grcxliont did have an offoct oa 
the conventional flutter speed, it would be relatively snail* 

It is to bo noted tlvat otlior djTvestigxtors appear to Ijavo had 
sinllar difficultlos. Figure 15, reproducod PToei Figure 15 of Roferonco 
3, shovTS a vancQ of oxpoiiiacntal flutter speeds for a given valve of the 
natural frequency ratio ratler than any definito spood* An oxanination 
of Figure 15 also sliows that the oajjoriiacntal flutter speeds v/oro dmyo 
gror.tcr than the theoretical value by r-souiits averaging 15 /j of the t2»- 
orotioal value* This rscy be ooroparod v;ith an average flutter spood 27?^ 
Iilj^ior than tlio tliooroticd value as dsteminod in this iir/cotigation# 
Tlio o^qjlanatlon given in the roforeneo is tliat the influence of intoiTol 
friction^ not tuJeen into account in tlxo thoorotical calculations, is nuch 
greator, relatively spoaldLng, in syutoiia dosignod to flutter at low 
speoda, ttian it is in actual practico uliore structures flutter at nudi 
hi£iior spoods* Internal friction vri.ll alucyn tone! to raise tlve flutter 
opoed* 

In this investigation tlioro wore, in addition to tJio Internal 
friction, tvxo other conditions wiiidi would tond to raiso tho flutter 



apood r.bov 0 tlas thoorotloal value aa cclculatod, TIjo tlioorotical cgL- 
culations were rxido oonaidorinc tlio aorodyimaic forces to bo constant 
across the span. In tlxo 03?;:jcrinont tl^ effect of tlxo finite span ijould 
bo to docroaco tho forces acting on tlio tip ooction and lienee the to-bal 
aorodynaiiic forces acting on tlio airfoil per unit length of In 

addition the airfoil tips vroro probably in tho tunnol wall bounct^ry layer 
thus furtliar doci’oasing tlse aorodynonic forces. It is bsliovod tliat tlio 
foronoing considorati(Ki oiqilaine in a qualitative rsannor at loact tlio 
rcsioon for the larco discre.-'ancy bottjoon tlioorotical and c^riJorimirbal 
flutter BTXJodo 

It is oviclont tlion fraa Pif-rnros 13 end 14 tint irf.thin linits of 
ox:>orimntal aocuracry no ovldenoo ms diooovorod if.iich ;»uld India'. to 
that tho prooonco of the velocity 'Todiont had any e”foct on flattor 
spood, 

lo, in Roforonco 3» found tint a rogion. of instability night 

possibly anlst at very low speeds, in whldi oscillationa of a prodoo- 

At aaJ 

inantly flcsural nature would occur, tunnol siioods botiwon soro^lO foot 
per second witli tlio trailing edge of tho barrior boti.roon 3/4 end 1 cliord 
length ahead of tho loading edge of the airfoil, osoillationo of largo 
caplitudo did t.vl:o place, Thoso oscillations ;« 3 ro, however, prodcalnantly 
torsional in nature^ occuiuwl at tho natural torsional fi'oquoncy of 
til® systa'.!, and coasod coaplotoly xdioa tho tunnol spood vkis cliangod by 
* 2 feet per socond or ulien tlie barrior was tiovod olooor to tho airfoil, 
Thoro was insufficient tirjo or oqui:xisnt available to study in dotail 
tho flow conditioiis whicli accaipaniod tlioso oocillationa, bat it 1s not 
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beliovcd uliat thoy xjore duo to tlKj prosouco of tho velocity £ 3 *odlo:it, 

conditiono in back of tho lxi3?rier noJto it liIto3y that tlio airfoil 

uao actually at sodo fairly lai’co angle of attacic end that tlw oseillaticsis 

VToro due to vortex oheddlnc* T1 k5 uoo of 7ylor*s foiaula, ffe « K , 

20 ^ 

given in Reforonco 7, and asavning a valuo of ^ dogrooa for ©<. givos a 
vulue of K ^ ,14 • (See A 'nej-jdix.) This ie ia voiy close ogrooront 
with 7ylor*a avoincp value of K » ,15 for airfoils end also id.th CJiuan’a 
results in Reforonco 6, Furtbsr invostication la required to dotororlno 
precisely tho causes of tide phenctaoaoa. 
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V. COnCLUGIOIB 

This invoatiGiition failocl to I’ovoal cjv oicniflccnt varlationo 
in airfoil flutter opood x/rdch oould ctefinitoly be attributed to tho 
prosanoe of tho velocity discontinuity, Althoxjf^i oooillations vcrc ob- 
oorvod which ocoiurod at tvmml velocities mioii louor than tlioac at 
which conventional flu tor took placo, it is boliovod tliat thooo *»X3re ho 
to causes otlvoi* tJicn tho volocil^r discontinuity. It is thoroforo bolievad 
tliat Lo’o results rofloct tlio idoaliaation of tliO flow into an interface 
rathor tluui any physical causes of buffeting or fluttor, Tho nogllgibly 
srnll clianges in tljo fluttor opood point further to tho fact tJiat tl>o 
affect of tho v^'loclty Gradient, of tJio order of nannitudo Hi:ely to 
occur in p»ractico, is snail, so tl3at it is euTfioiontly cccnimto to uso 
tlio aorod^moEiie coofficionto nioasurod in a unifom flow in the ostbxition 
of tho t^oc'ianical adnlttanoe. Such coefficients boinc woll kncnai, it is 
concluded t^iat tho only rolovont data ono :au£jt liavo in order to arialysc 
tail buffoting is tho turbolcnoo in tlie flow in tho rogion of tho tail, 
l,e,, tile turbulonce power o-iectim and the correlation functions. 

This xnvostiGation, and all the ronarlcs node abovo, aro conoomod 
only wltii low opood phenooem, Bi'dToting duo to unstablo ahocl: ^^voa is 
of difforont origin and Is not dealt with horo. 
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M’PSIIDIX 



CAUCmATIOIS 



I. airfoil MD Sl’IHiSC* CaBTAiES 




center of {jravity 



OlnotiO G3d0 



<r 



9" . 



■> 



VJoJ^t of airfoil “ 



3.7730 lbs. 



Ifeoo of airfoil 



9.79 s 10**^ 



3ia...saci> 

in. 



2 



Radii of cycdtijon 

about c. G* “ 3*113” 
about •*. • 3.25” 

Lc3ic^ of fpilrig ■ 7.5" 

Crooo-eoction of sprin£^ • z 3/2" 

I‘aoa of opriag 1.73 x 10^^ 

2 

Total flprlnc ^ 3.4^S s ICT^ lb. 
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II. DJ]Tisrim\Tian (f h&tuhal fr:>5Isicie3 cf vimi^icij 



A. nmv^ 



1. Plfforcntial. Eai^v&icgi 



The followine oonfieuraticm is csstEiod in the springs are 

built ia at botii ends find t!:© airfoil la considorod stiiT as coraparod to 
spring. *y 






////// 






-SL 






,777777 



Coioaldorinc tiK) equilibrim of a differential loagth of opring, 

7 



dx 




X 



> 



->• s 



M + dx 



z„ = o = M,. ?Jx - ^ d*)- S (- jp 



”pj* - ^ ilx + S Jy =0 



Assune 



ax 

in. = £1 -ct^y 



dx 

Tlion ths difforcntiol equation is 



El 



dx’ 



- s 



dx 



- ? 



0 



Tliio haa tbo soluti<»i 



= Cn Cosk QX -V* Ca sink 



IX - 



fx -vC, 



whoro 



El 
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The bouncb-cy oorxlitioa^ crro 
y “ 0 at 



d)c 



h- 

<Jx 



at 



X « 



SubotitutlaiG tijo bo^Eviary conditions into equation fear y 



Civos 



1 = - 


H 


cn 




fx 


+ _P_ 




S 




When X = 


i 




1 = - 


s 




Takinc ll’:dt ca 


a:>psroaohi 


V| = - 


pi 


, 1? 


s 


n 




:£L 


^ w f 



- CosVx <^x + 

CcosK - \ ') 

sinK c^-A 






sink c^x 



[ CO! 

si 



cosW <v i. - 1 



sinK -i 



[- 



[1 

z 



2^ 






[<}1 



(±^ 

12 



u^] 



1 = 



Puttine 

Ti’ 



ti 



IZ tl Tlila acroca with tlio deflect ion found by oottijic 
S * 0 in tbo differ -ntial oquatlcai, 

Ti>o aprinc cor^tant in floKUPO is then, tahlns into accouiit both 



I 





21 



spriiigo 
k'. - iP 



^ r 


1 ^ ( 


' COsK 9--^ - / 


“1 


s L 


I" ^ \ 


^ Sink 


; 



As an exaaplo ^ is vorl»d out for S ■ 40 lbo« 
Tho ca'oeo-ooctiai of tli© opringja is 



^ = 





B 



I 



“ 30 X 10^ 

12 



• 362 



The lonfjth of oadi spring 5 s 7 * 5 ". 

c^i = 7.5 s ,362 » 2.71 




30 . 0 \ 



The floxurul fr^quoncy, co^ , is than: 



U) 



‘ho 




30 . 0 \ 



X 10 ^ 



* 55.5 rad./so 



Thia my be cceiixirod with 






C. 

for aero tension on tho sprtne. 



42.2 ro>d./ooc. 



TO^ 
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r y 

il 



s 



i 



i////z 



s X 



n 



Asmrso a dofloction C’jtvo cliown abovo. In tills oaoo, lot X bo 
tiw lenctb of botli oprlnc*** 

1 = h T* 

Tills eatisfioo all boundary conditions. 



a. The potential esjorfy duo to bonding laoosnts: 

V. = I ^ dx 



" Z ( ■ ■ dx 2 - 



M = El 






b. The potential oaorcy duD to loads: 

i 



Y - A. 

^ “ 2 






c. Tlio Unetlc onorfy of vibratir^ spring particles: 

i 



j . t 

•| ~ 2 J 



,4 TI'X 

X 



sm’’ dx 



^ « spring dsneity 
A “ Aroa of Spring 



d, Tbo klnotic energy of tlio airfoil: 



T- — — m y ^ 

»2 - 2 10 

Perfoming t!io indicatod intogx-^tion and squatiag potontial cad 
Idnotio Guorglos 

El^** STt^ 



ul 



JL 

3 tr\s 

\b 



u 



m 
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Tr.o ancs of t’.io sprinco zxxj bo ncrjloctod sine* it ia orOy 1/30 
of tiio naos of tho airfoil* For S » 40 Ibo. 

30 X lo^ A ^ MO X K ^ 

z fl5)^X 12 * 2 X (»W)’ M X l5 

K = 

. oo <17 ^ 






HO 




> ^.5-3)2 

• 00 <^7<) 



e 



^hm> = 5G.2 raJ^sio. 

7ho CUTV 08 of flesural froqvoiicloo vortsuo sprine t<m3ioa aro 
plotted on Figuro 9* 






It is aoauDOd tliat IncrcaGoo in eprine tonaion pafoduoog only 
oooond order offsets on tho torsional spsTing constant ^ 

Pros Rcfoi’encse 7, 

^ — whoro yS is a constant dopondinc on 

tho dinensiOEiO of tlio 
0^008 soction 
b ‘^lonc dinonsion 
C, CO short dinonsioa 

In tliis case, y3 “ *307 

. 307 X j[ x(-T^f \,\ X lO*' X 2 
= i 

7.5 
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110.1 in. lb. 



CO 



l.l X 10^ 
3.1? X io“^ 



le.». 

“ 59 rsid./aoo, 

c. afitjasaSi, ?:rgnB*;?7TgY PgtQmiagtr^a V:/' ‘m 

Tbs exporlaental data la plotted la Figure 8, 
Coiyjider the follmring eynteia 

II II II ! 




Elastic 

Axis 




/ / / 7 r/ / / 



For oaall oacillationa abofve systcn, the followinc oquationa 

will a^>p2y 

Potcr tial ejierjy* V =i ( ^6 ~^) ^ — 

2i 



Kinetic onorcyj f _ 



0 « « ^ 
fn ^ Q 



Ucing La Grar^'a oquatiais 

lO + © - kr^ Sx -V e = 



mx -K^SS 1-KriX—O 



0 



I 



I 

I 
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riio folTjowinjj ej3Curjptions avo nado: 

a. e = e e 

X = X e 

a* u». ^ 

m 

d, Kjj^ = 

^ I 



Assvrgjtiono "o" and "d” aro valid if tlio triSa of tii9 sprincs lo 
ST’all oooparod to n* The condition for a nodo at y lo 



r = 



e 



or 




X_ 

e 



CoCT-)lctG ajqxjrlnoirbal reatilts ijorc obtain.cKi for a innco of node points 
such that ^ •qimtions then rcdvujo to two sinultanooue 

oquationo for and • 




o). 



Z 



^ ^ . >^S - s^) + 



i^Ksro w Ifl tho froquoncy of oscillations about tlio nodo. 

Solutions of tho above equations for as a function of 

spring tonsion aro plotted in Figaro 9« Hoto tliat in iadopondont 
of spring tonsicMi, 
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III. FiOToR srs'D Djr:a:i:rATior 

Tlio proooduro and es^^ibola ucod oro in accordance with tl^ioao 
dofinod in Reforonceo 1 and 2* 
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ft. 


2 

So 
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6.723 




r 2 

o.c. 


0 


3.U3 




r 2 

*o.a. 
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3.249 




a 


C 


-.289 


» .0335 i 


^cC 
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.0322 




K 


0 


.0261 


{~K « .16156 


Tp- 

*o(. 
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.1605 


" .4006 
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54.4 


“ 2959 




o 


a.5 


• 1722 


A.. 
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6.358 
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.789 
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0 


3.438 




c<., 


O 


3.438 






0 


1.000 
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39.3U 
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238.138 




h. 
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-2.174 
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10.733 
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-27.581 






0 


1.000 






0 


3.6259 





*- = .00979 

im* 



+ a “ .211 



•» U 



= .709 
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I 

I 

i 

I 
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I 
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Roal g'-uc.tlqa 



+ 3j. X ♦ Cj. » 0 
X^ + Di X + Cj^ * ® 
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Si. 
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R. 



°h 
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A, > B, ^ + C, ^ 
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Tlio ^ C3id Xjj, aro plot-bod in Picura 16, Tho iiiterooction of the 
and curvoo give 



CO = 



r»< *-Ooc. 
/k {x 



5 




V = 



fK 




IV. Tims FCRI'IIIA 



N la sin oC 

V 



K 
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•N = Natural frequency of torsional oscillation in cycles/sec 
b = Chord of airfoil in feot 
*=< = Angle of attack of airfoil 
V = Flow velocity 

sin 20” 

Nl U' 

Note that Goldstein, Reference 7, defines the above fornula as -^y- =• K 
where b* is tho \ridth of the body perpendicular to the direction of flow. 
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FIG. I 



WIND TUNNEL 



ME 





b. Mounting bracket and flexure 



Fig. 2 




a. Flexure and spring clamp 




b. Weights attatched to spring 



Fig. 3 
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Sample Osillograph Recordings 
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FIG. 7 
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FIG. 12 
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FIG. 14 
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FIG. 15 
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FIG. 16 
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